With the goal of increasing energy efficiency and passenger comfort in an automobile cabin, we developed a regional air-conditioning design to control cold air in specific regions, and an air management strategy that can keep air circulation when the car engine cuts out. According to computational simulations, an air velocity of 2 m/s was adopted, which could form an independent flow field space in the cabin with a temperature gap of 7 • C according to the user's needs. The designed regional air-conditioning and circulation system could create independent flow field spaces with temperature differences. Inlet air volume demand was also reduced by 60% and blower power by 53 W. In addition, the cabin ventilation system led air exchange rate reached 89% per hour. In 20 min of exposure under sun, the system could lower the cabin temperature by 12.3 • C.
Introduction
Air-conditioning (AC) system performance is one of the major concerns related to automobile energy consumption [1] . To date, most automobile manufacturers prioritize customer comfort by using windpipe allocation and server motor control to develop automatic temperature controllers [2] [3] [4] . The aforementioned technique used the temperature differences at each air inlet to conduct AC adjustment. However, as the length of AC operating time increases and the flow field in the cabin reaches stability, such methods cannot change the temperature of each zone in an energy-saving manner, because this results in a greater temperature difference in the inlet, which causes unnecessary energy waste. Therefore, current automobile AC systems still have room for improvement in terms of cabin airflow and temperature management [5] [6] [7] . Besides, maintaining the cabin at a mild temperature is essential even when the automobile is off [8] . To do so, a common method is to reduce the cabin temperature using sun control window films. Several studies reported the development of solar-powered ventilation systems [9, 10] . However, this system can only provide power to the blower to intake air from outside; it does not conduct reasonable control over the airflow in the cabin and thus cannot effectively remove heat.
Furthermore, Kwon et al. [11] redesigned the hardware of heating, ventilation, and air conditioning (HVAC). They added wind direction control devices and choke valves, enabling wind flows to be directed to the zone inlet selected by the driver, thereby preventing wind from being directed to inlets 
Mathematical Model
In the present study, a standard k-ε turbulence model was adopted to conduct a flow field analysis in an automobile cabin [34] . To fully accommodate the physical characteristics and corresponding calculation time, the following assumptions were made: (1) the effects of gravity and buoyancy on the flow field are accounted for; (2) the fluid is a Newtonian fluid; (3) the flow field is a transient, turbulent flow; (4) viscous dissipation is overlooked; and (5) the fluid at the inlet is moving at a uniform velocity. The dominance equations for numerical analysis in this study are as follows:
(a) Continuity equation:
(b) Momentum equation:
(c) Energy equation:
where E is the total energy, is the effective thermal conductivity, and is the effective stress tensor, whose definition is as follows:
denotes the turbulent thermal conductivity coefficient, which is defined as follows:
(d) Buoyancy: When density changes, fluid moves due to buoyancy. This study used the Boussinesq buoyancy approximation to derive the movement, which is defined as follows: 
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where E is the total energy, k e f f is the effective thermal conductivity, and τ ij e f f is the effective stress tensor, whose definition is as follows:
κ e f f denotes the turbulent thermal conductivity coefficient, which is defined as follows:
When density changes, fluid moves due to buoyancy. This study used the Boussinesq buoyancy approximation to derive the movement, which is defined as follows:
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(e) External radiation heat: This study adopted the fair weather condition [33] , and the transmissivity of solar radiation is as follows:
The reflectivity of solar radiation is defined as follows:
In Equation (13), A is the solar radiation parameter when the air mass is zero; B is the atmospheric extinction coefficient when the air mass is zero; β is the degree to which the Sun is above the horizon (deg); and Edn is the direct radiation of the sun on the Earth during fair weather conditions. The equation for solar radiation shining vertically on a surface is as follows:
C is a constant, and Y is the ratio of diffused radiation on a vertical surface compared with a horizontal surface. Thus, Ed becomes:
where ε is the obliquity of the Earth's surface. Therefore, the ground reflection of the solar radiation is defined as follows:
where ρ g is the rate of ground reflection. (f) Turbulence k − ε equation Turbulence kinetic k can be obtained using Equation (17) , and the turbulence dissipation rate ε can be obtained using Equation (18) :
where σ k denotes the turbulent Prandtl coefficient in the kinetic equation k [35] ; σ ε is the turbulent Prandtl coefficient of dissipation rate in the ε equation; µ t is the turbulence viscosity; G k is the turbulence kinetics generated from the average speed gradient; and G b is the turbulence kinetics generated from buoyancy. Furthermore, µ t = ρC u k 2 ε is calculated from the standard k − ε equation, where C u = 0.09, C 1ε = 1.44, C 2ε = 1.92, σ k = 1, and σ ε = 1.3. This equation was established based on the hypothesis of Launder and Spalding [36] . When the space-control nodes on the adjacent walls satisfy y+ >11.63 and the fluid movement is located at the logarithmic rate layer, the fluid speed can be shown as follows:
where
. κ denotes the Karman constant, and κ = 0.41; E is the experience constant, and E = 9.81; u p is the average speed of the fluid at point p; k p is the turbulence kinetic of point p; y p is the distance between point p to the wall; and µ is the kinetic viscosity coefficient of the fluid.
Mesh System Selection
The simulation was performed with an adaptive mesh refinement (AMR) function. Without influencing the precision of data simulation, the user can employ the AMR function for encryption by selecting the places with greater changes that they want to observe, such as where the velocity field or temperature field changes are great. The final mesh as constructed with AMR used 709,386 meshes and is displayed in Figure 2 . This equation was established based on the hypothesis of Launder and Spalding [36] . When the space-control nodes on the adjacent walls satisfy y+ >11.63 and the fluid movement is located at the logarithmic rate layer, the fluid speed can be shown as follows: . κ denotes the Karman constant, and = 0.41; E is the experience constant, and E = 9.81; is the average speed of the fluid at point p; is the turbulence kinetic of point p;
is the distance between point p to the wall; and μ is the kinetic viscosity coefficient of the fluid.
The simulation was performed with an adaptive mesh refinement (AMR) function. Without influencing the precision of data simulation, the user can employ the AMR function for encryption by selecting the places with greater changes that they want to observe, such as where the velocity field or temperature field changes are great. The final mesh as constructed with AMR used 709,386 meshes and is displayed in Figure 2 . 
Regional AC System Simulation Settings
The boundary conditions of the automobile cabin, including the various units such as the cabin AC inlet, outlet, and walls were as listed Table 1 . The cabin regional AC system was simulated and analyzed using two cases involving different inlet and outlet boundary conditions. The inlet and outlet simulation settings are listed in Table 2 . 
The boundary conditions of the automobile cabin, including the various units such as the cabin AC inlet, outlet, and walls were as listed Table 1 . The cabin regional AC system was simulated and analyzed using two cases involving different inlet and outlet boundary conditions. The inlet and outlet simulation settings are listed in Table 2 . Table 2 . Inlet and outlet simulation settings (for regional AC).
Case Inlet Settings Outlet Settings
A Only turn on at the driver's seat Only turn on at the driver's seat B
Only turn on at the driver's seat None (except for the blower outlet)
Case A was for the integrated regional AC system in the driver's seat. In the simulated cabin, only the driver required AC, and therefore only the inlet and outlet at the driver's seat were open. The boundary of the cabin inlet was set as the velocity inlet. The wind speeds at Inlet 1 and Inlet 2 were 2.5 and 2 m/s, respectively; the temperature at both was 278 K, and the inlet angles were 10 • and 55 • , respectively (Figure 3a) . For the outlet, the boundary condition was set as the pressure outlet, and the outlet pressure was −75 Pa ( Figure 3b ).
Case B was for the driver's seat with no integrated regional AC system. Case B was similar to Case A in that only the driver required AC. However, Case B was different from Case A in that there was no integrated regional AC system, and therefore only the inlet at the driver's seat and outlet at the blower were open. The cabin inlet boundary condition was set as the velocity inlet. The wind speeds at Inlet 1 and Inlet 2 were 2.5 and 2 m/s, respectively; the temperature at both was 278 K, and the inlet angles were 10 • and 55 • , respectively ( Figure 3c ). For the outlet, the boundary condition was set as the pressure outlet, and the outlet pressure was −75 Pa ( Figure 3d ).
Energies 2019, x, x FOR PEER REVIEW 6 of 16 Table 2 . Inlet and outlet simulation settings (for regional AC).
Case Inlet Settings
Outlet Settings A Only turn on at the driver's seat Only turn on at the driver's seat B
Case A was for the integrated regional AC system in the driver's seat. In the simulated cabin, only the driver required AC, and therefore only the inlet and outlet at the driver's seat were open. The boundary of the cabin inlet was set as the velocity inlet. The wind speeds at Inlet 1 and Inlet 2 were 2.5 and 2 m/s, respectively; the temperature at both was 278 K, and the inlet angles were 10° and 55°, respectively (Figure 3a) . For the outlet, the boundary condition was set as the pressure outlet, and the outlet pressure was −75 Pa (Figure 3b) .
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Parking Ventilation System Simulation Settings
The boundary condition of each ventilation unit in the cabin is listed in Table 5 . Two models were separately used to conduct simulation in this study in order to assess cabin air quality and the ventilation monitoring system by setting two sets of outlet locations for analysis (Table 6 ). In Case C, the cabin inlet boundary condition was set as the pressure inlet. The external air temperature was 303 K, and the pressure was 10 Pa (Figure 4a ). The cabin outlet boundary condition was set as the pressure outlet. The outlet pressure was −10 Pa (Figure 4b ). In Case D, the cabin inlet boundary condition was set as the pressure inlet. The external air temperature was 303 K, and the pressure was 10 Pa (Figure 4c ). The cabin outlet boundary condition was set as the pressure outlet. The outlet pressure was −10 Pa (Figure 4d ). In Case C, the cabin inlet boundary condition was set as the pressure inlet. The external air temperature was 303 K, and the pressure was 10 Pa (Figure 4a ). The cabin outlet boundary condition was set as the pressure outlet. The outlet pressure was −10Pa (Figure 4b ). In Case D, the cabin inlet boundary condition was set as the pressure inlet. The external air temperature was 303 K, and the pressure was 10 Pa (Figure 4c ). The cabin outlet boundary condition was set as the pressure outlet. The outlet pressure was −10Pa (Figure 4d ). 
Experimental Data Measurement Platform
Following the results of the cabin simulations, we renovated the AC system of a CMC Zinger, establishing new inlet, outlet, and control units to test and verify the effects of the proposed cabin energy conservation and ventilation system. The AC ventilator (VT-504, SHENG YUAN ELECTRIC 
Following the results of the cabin simulations, we renovated the AC system of a CMC Zinger, establishing new inlet, outlet, and control units to test and verify the effects of the proposed cabin energy conservation and ventilation system. The AC ventilator (VT-504, SHENG YUAN ELECTRIC Co., Ltd., Taichung, Taiwan) was used. Numerous types of data was recorded by a data collectro (cDAQ-9178, National Instruments Corp., Austin, TX, U.S.) together with a thermocouple module (NI9123, National Instruments Corp., Austin, TX, U.S.) and a voltage input module (NI 9201, National Instruments Corp., Austin, TX, U.S.) to create the data acquisition system. A T-type thermal couple was adopted, with a positive electrode made of bronze wire and a negative electrode made of copper-nickel alloy wire. This type of thermal couple can measure a range of −200 to 200 • C with high reusability. A differential pressure transmitter (CP101, KIMO Instrument, Chevry-Cossigny, France) was used. The wind velocity meter was a hot wire wind velocity meter (CTV 200, KIMO Instrument, Chevry-Cossigny, France).
Results

Cabin Regional AC System Simulation
Regarding the simulation results of Case A, Figure 5a ,b show that the temperature was higher in areas with glass material. This was because, using the solar tracing model, solar radiation shot from the windows into the cabin. This did not affect the formation of the flow field structure. The temperature distributions in Figure 5a reveal that the AC temperature at the driver's seat did not disseminate to the other regions of the cabin. In addition, from the simulation of particle tracking in Figure 5b , it can be seen that the flow area of air conditioning is quite obvious falling in the driver's seat. This meant that the regional AC could construct an independent regional flow field, thereby avoiding AC disseminating to unoccupied regions and wasting energy. Therefore, the AC energy conservation need was met. Regarding the simulation results of Case A, Figure 5a -b show that the temperature was higher in areas with glass material. This was because, using the solar tracing model, solar radiation shot from the windows into the cabin. This did not affect the formation of the flow field structure. The temperature distributions in Figure 5a reveal that the AC temperature at the driver's seat did not disseminate to the other regions of the cabin. In addition, from the simulation of particle tracking in Figure 5 (b), it can be seen that the flow area of air conditioning is quite obvious falling in the driver's seat. This meant that the regional AC could construct an independent regional flow field, thereby avoiding AC disseminating to unoccupied regions and wasting energy. Therefore, the AC energy conservation need was met.
Regarding the simulation results of Case B, the temperature distributions reflected in Figure 6a reveal that although the desired AC temperature at the driver's seat was reached, the energy disseminated to the front passenger's seat and other regions of the car. The situation can also be seen by the simulation of particle tracking in Figure 6b . The flow area of air conditioning is spread into the area outside the driver's seat. Thus, in Case B, an independent, regional flow field could not be constructed to avoid AC disseminating to unoccupied regions, causing energy waste. Therefore, a design without a pressure gradient guiding flow (outlet) cannot satisfy the AC energy conservation needs of a car with only the driver inside.
(a) (b) Figure 5 . Case A simulation results of (a) temperature distribution profile of the entire car and (b) particle tracing. Regarding the simulation results of Case B, the temperature distributions reflected in Figure 6a reveal that although the desired AC temperature at the driver's seat was reached, the energy disseminated to the front passenger's seat and other regions of the car. The situation can also be seen by the simulation of particle tracking in Figure 6b . The flow area of air conditioning is spread into the area outside the driver's seat. Thus, in Case B, an independent, regional flow field could not be constructed to avoid AC disseminating to unoccupied regions, causing energy waste. Therefore, a design without a pressure gradient guiding flow (outlet) cannot satisfy the AC energy conservation needs of a car with only the driver inside. (a) (b) Figure 6 . Case B simulation results of (a) temperature distribution profile of the entire car and (b) particle tracing.
Parking Ventilation System Simulation
The simulation results revealed that the temperature distribution of Case C in terms of heat load removal was suboptimal. The maximum temperature difference reached 9 • C, which was higher than the goal. The results are illustrated in Figure 7 . In Case D, the cabin temperature distribution was more even. The maximum temperature difference was only 2 • C, meaning it achieved the heat load removal goal. The simulation results are shown in Figure 8 . 
The simulation results revealed that the temperature distribution of Case C in terms of heat load removal was suboptimal. The maximum temperature difference reached 9 °C, which was higher than the goal. The results are illustrated in Figure 7 . In Case D, the cabin temperature distribution was more even. The maximum temperature difference was only 2 °C, meaning it achieved the heat load removal goal. The simulation results are shown in Figure 8 . 
Measurements from Cabin Experiments
The experimental measurement platform was constructed according to the results from the numerical simulations for measuring the sensor information in Table 7 . 
Parking Ventilation System Simulation
Measurements from Cabin Experiments
The experimental measurement platform was constructed according to the results from the numerical simulations for measuring the sensor information in Table 7 . Table 7 . Cabin regional AC and parking ventilation system sensor location information.
Thermocouple Number
Cabin Regional AC System Parking Ventilation System
Location Location
Right back passenger seat Right back passenger seat 3.3.1. Regional AC System Experimental Setting and Measurement Results
The regional AC system was set to the conditions of Case A, and experiments were conducted to measure two groups of data. The initial setting conditions were as presented in Table 8 , and the experimental results are shown in Figure 9a ,b. After running the regional AC for 600 s, the temperatures were measured, and they are listed in Table 9 . The regional AC system was set to the conditions of Case A, and experiments were conducted to measure two groups of data. The initial setting conditions were as presented in Table 8 , and the experimental results are shown in Figure 9a ,b. After running the regional AC for 600 seconds, the temperatures were measured, and they are listed in Table 9 . 
Parking Ventilation System Experimental Setting and Measurement Results
The settings for Case D were also tested. The initial measurement conditions are shown in Table 10 , and the experimental results are displayed in Figure 10 . After running the cabin ventilation system for 1200 s, the temperature at each point was measured, as listed in Table 11 . for 1200 s, the temperature at each point was measured, as listed in Table 11 . Figure 10 . Temperature during the parking ventilation system experiment. Figure 10 . Temperature during the parking ventilation system experiment.
Discussion
Regional AC and Parking Ventilation System Experiments
The regional AC experiment for Group 1 started with an initial temperature of 29.5 • C. After 200 s, the average temperature measured by the three sensors near the driver's seat (25.57 • C) exhibited clear differences from those at the other seats (~4-6 • C). After 400 s, the temperature reduction gradually stabilized. By the end of the experiment after 600 s, the temperature difference was approximately 6-7 • C, demonstrating that the requirements for regional AC were satisfied. The same situation was observed in Group 2, which had a higher initial temperature. The final temperature difference was 7-9 • C, which clearly demonstrated the strength of the regional AC. Finally, regarding the cabin ventilation system experiments, the initial average temperature in the cabin was 43.87 • C, 13 • C higher than the environmental temperature of 30.87 • C. After 600 s, the gap was reduced to 1.62 • C. By the time the experiment ended after 1200 s, the gap had been reduced to 0.7 • C, demonstrating that the cabin ventilation system could effectively resolve the dangers faced by people or pets trapped in a high-temperature cabin.
Comparing with the S-FLOW model [12] that opens a specific inlet selected by the driver, the power consumed by the electric compressor was 18.3% lower and the fuel consumption was 2.4% lower than the non-S-FLOW model when tested in summer. The power consumption was 36% lower and the fuel consumption was 5.1% lower when tested in spring and autumn (on a cloudy day without sunshine). Another previous result [14] using a cabin ventilation system and regional AC system showed that JIT enabled a 7 • C decrease by 15 min, which was similar to T-ctrl. However, T-ctrl consumed more power than JIS did because of longer start-up and turn-off times. Our design revealed a comparable improvement.
Numerical Simulation and Experimental Verification
To understand the error between the numerical simulations and experimental results, a comparison was conducted under a situation in which only the driver required AC. The inlet and outlet of the driver's seat were turned on. The experimental time was set to 600 s. The final simulation and experimental results are shown in Table 12 . A comparison of the experimental and simulation results revealed that the temperatures in the simulation were lower than those in the experiment, but only by an average of 3.75%. This error can be attributed to the following two factors:
1. In the experimental cabin, when the temperature of the evaporator in the AC system reached the designated temperature, the clutch of the compressor would trip to avoid ice forming on the evaporator and resulting in AC failure. Therefore, the inlet temperature could not maintain the same value consistently, which could have caused minor differences between the simulation and experimental results.
2. The experimental location was situated in the basement surrounded by buildings. Sunlight that was not blocked by buildings was mainly focused on the front passenger and right back passenger seats of the experimental cabin. The solar radiation tracking modules used in the numerical analysis software accounted for the latitude, longitude, and time of solar radiation, and the angle of incidence and radiation thermal flux were different from those of the experimental location. Therefore, the simulation results for the front passenger seat differed slightly from those in the experiment.
Conclusions
The system proposed in this study could effectively achieve cabin energy conservation and cabin ventilation. We first employed a numerical analysis to obtain the effect of the AC system design on integrated regional AC and parking ventilation. After finalizing the design, we conducted experiments using a practical automobile. The conclusions we obtained from the numerical analysis and experimental validation are as follows:
1. Cabin regional AC technology: The design enabled the air flow field to be more evenly distributed around the selected occupied zone. The design used mathematical modeling for simulation of the inlet location, inlet angle, inlet air velocity, outlet location, and outlet negative pressure. Among them, the most critical factors were the inlet air velocity and air volume. Too large a figure would cause the flow field to disseminate, failing to form a regional flow field. An air velocity of 2 m/s was therefore adopted, which could form an independent flow field space in the cabin with a temperature gap of 7 • C according to the user's needs. The inlet wind volume requirement was reduced by approximately 60% (from 300 m 3 per hour to 120 m 3 per hour), and the blower power was reduced by 53 W (from 68.4 to 15 W).
2. Cabin ventilation technology: The inlet allocation should avoid using external air from the HVAC system. The ventilation duct is often on the inside of the engine compartment. Consequently, when external air enters, it is immediately heated, and it is unable to effectively reduce the temperature of the air in the cabin. We suggest that the outlet be placed at the headliner of the cabin. In addition to using mechanical means to exchange air (i.e., by using a ventilator), buoyance-driven ventilation theory should also be employed to speed up the removal of high-temperature air. In the present study, the air exchange rate reached approximately 89 air changes per hour, and the system could reduce the cabin temperature by 12.3 • C in 20 min. This rapid heat reduction can help prevent high temperatures from damaging the interior of the cabin and can also effectively prevent incidents such as in-cabin heatstroke, CO poisoning, and anoxia if someone is trapped inside the cabin. 
